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We report Relativity tests based on data from two simultaneous Michelson-Morley experiments, 
spanning a period of more than one year. Both were actively rotated on turntables. One (in Berlin, 
Germany) uses optical Fabry-Perot resonators made of fused silica; the other (in Perth, Australia) 
uses microwave whispering-gallery sapphire resonators. Within the standard model extension, we 
obtain simultaneous limits on Lorentz violation for electrons (5 coefficients) and photons (8) at levels 
down to fO"^", improved by factors between 3 and 50 compared to previous work. 

PACS numbers: Valid PACS appear here 



The original Michelson-Morley (MM) experiment pro- 
vided physicists with a first glimpse of Lorentz invariance 
when relativistic velocities were inaccessible to experi- 
ments and the theory of relativity was yet to be formu- 
lated. In a similar way, modern versions of outstanding 
precision can attempt to detect minuscule violations of 
Lorentz invariance and thus provide physicists with a first 
glimpse of effects of a future theory of quantum gravity 
in the low-energy limit [U, 0, [1] . Since the form of the 
putative violations is not predetermined, it is important 
to probe a broad variety of them experimentally. 

In contrast to the original interferometer experiments 
modern MM-experiments are generally based on a 
measurement of the resonance frequencies 
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(m is a constant mode number, c the velocity of light, 
and n the index of refraction if a medium is present) of 
standing waves in resonant optical or microwave cavities. 
Any type of Lorentz violation that affects the isotropy 
of c [H, L d, 0, Hi, or n [1] can potentially be detected. 
L and n are properties of macroscopic matter and thus 
sensitive to Lorentz violation in the Maxwell and Dirac 
equations that govern its constituents. However, each of 
the simple MM -exp eriments performed so far (recently, 
0, [M 111 E [M Q E [ll, P) does not by itself 
provide enough information to distinguish between the 
different influences and thus can only bound combina- 
tions of them. To remove these restrictions, experiments 
featuring dissimilar cavities that have a different depen- 
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FIG. 1: Modifications of c, n, and L are probed for cavities 
of different geometry and material, which allows us to sep- 
arately probe Lorentz violation in the electron and photon 
sector (symbolized by the arrows). 



dence of L and n on Lorentz violation have been sug- 
gested 0,1]. 

Here, we report on the first realization of such simulta- 
neous, complementary MM-experiments that use differ- 
ent cavity materials, geometries, operating frequencies, 
and locations (Berlin, Germany and Perth, Australia) in 
different hemispheres (Fig. [T]). Both provide data span- 
ning a period of more than one year and were performed 
on a rotating table. This allows us to use Earth's or- 
bital motion and rotation, as well as the turntables, to 
modulate the 'laboratory' frame of reference and thus 
to restrict Lorentz violations of more general symmetries 
than otherwise possible. By combining all data, we ob- 
tain independent, simultaneous limits on a broader range 
of Lorentz violations in the Dirac and Maxwell sectors 
than any single experiment could. 

We use the standard model extension (SME) [l8| as 
a comprehensive framework for Lorentz violation. It ex- 
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tends the Lagrangians of the standard model by the most 
general Lorentz violating terms that can be formed from 
the standard model fields and Lorentz tensors. Modifica- 
tions of the photon sector [l^ are described by a tensor 
(fc_F)KA/ii/ entering the Maxwell equations. Ten of its el- 
ements lead to a dependence of c on the polarization. 
The observation that the apparent polarization of cer- 
tain astronomical sources does not depend on the wave- 
length bounds them to levels between 10"'^^ and 10~^^ 
0, Q. The remaining nine elements of {kp)f^x^^ can only 
be measured in laboratory instruments that probe the 
isotropy of c. They can be arranged into traceless 3x3 
matrices k^- (symmetric) and ko+ (antisymmetric) Q. 
he- and ko+ also affect L and n due to a modification 
of the Coulomb potential, but this has been shown to be 
negligible for most experiments, including ours [6)]. 

Non-negligible shifts in L and n, however, result from 
Lorentz violation in the electron sector 0, H, HO]- In 
the non-rclativistic limit, a modification of the electron's 
energy-momentum relation according to p^/(2m) — > 
{p^ + PjPkE-''')/ {2m) where p is the 3-momentum and 

that 



Cjk — ■^CQoSjk is given by a SME tensor c^^ 
enters the Dirac Lagrangian of the free electron. The re- 
sulting modification of the electronic states within solids 
leads to a change of L that is given by the diagonal ele- 
ments of a strain tensor 



1 



dxk 



= B. 



(2) 



The sensitivity tensor B is predicted in detail by invok- 
ing perturbation theory for the electrons as described by 
Bloch wave functions 0, Q . This theory also predicts a 
change of the index of refraction. For materials of trigo- 
nal or higher symmetry and microwave frequencies, 

/^P' R (n^-l)(n^ + 2) 
— ^PEr^, (3= — {B31-B13) (3) 

and E'^ = E[-^+ E'22 ~ 2-E33 fS]. Because of the material 
dependence of B and /3, experiments using cavities of dif- 
ferent nature measure independent combinations of the 
elements oi kp and Cf_i^. 

Throughout this work, we use the conventions made in 
Refs. 0, Si- In particular, by definition of coordinates 
and fields, we take the proton sector to be Lorentz in- 
variant. This is always possible d, [11] and leads to an 
unambiguous definition of the c- and kp- coefficients. 

If Lorentz invariance is violated, the resonance fre- 
quency Lo of our cavities will exhibit a measurable mod- 
ulation having Fourier components at frequencies that 
are integer combinations of twice the angular frequency 
of the turntable 2tjf, Earth's rotation w®, and Earth's 
orbit ri®. Such a signal can be expressed as 5v/D — 
B sin 2ujtT + C cos 2ujtT, where 

B = Bq + Bsi sinuj^T + Bd cos uj^T + Bs2 sin2a;0T 
+Bc2 cos2w0T, C = Cq + Csi sinw^T 
+Cci cos ujqT + Cs2 sin 2ujqT + Cc2 cos 2ujqT (4) 



are themselves time-dependent. This is a general expres- 
sion, applicable in any test model that leads to modu- 
lation at (some of) these frequencies. In the SME, the 
-B, C will depend on different linear combinations of the 
elements oi kp and c. By analyzing the measured cav- 
ity frequency in terms of the above modulations, sepa- 
rate measurement of the tensor elements is thus possi- 
ble. An experiment without turntable can measure four 
combinations. If at least 1 y of data is taken, three ad- 
ditional ones, that depend on the Lorentz boost due to 
Earth's orbit and cause modulation components differing 
by = 27r/ly in frequency, can be resolved. Finally, 
use of a turntable provides access to an eighth coeffi- 
cient, which is otherwise suppressed due to the presence 
of a symmetry axis (Earth's axis). However, to sepa- 
rately measure the changes in L and n is only possible 
with complementary experiments that use different cav- 
ities and materials. 

The Berlin setup compares the resonance frequencies 
of two monolithic, diode-pumped neodymium:YAG lasers 
at a wavelength of 1064 nm that are stabilized to reso- 
nances of Fabry-Perot cavities fabricated from fused silica 
(with BK7 substrates for the mirrors). One (L=2.85cm, 
Finesse T = 1.7 x 10^) is continuously rotated at a rate of 
1 / (43 s) . To reduce systematic effects associated with ta- 
ble rotation, a precision air bearing turntable (type RTV 
600, Kugler GmbH, Salem, Germany) is used that is spec- 
ified for < 0.1/zrad rotation axis wobble. The rotation 
axis is actively stabilized to the vertical using a tilt sensor 
(Applied Geomechanics, Inc.) on the rotating platform. 
The other cavity (L=10cm, !F = 2 x IQ^) is oriented 
north-south. 

Data has been collected for 396 d, totalling to 62 d of 
useful data in 27 sets (118,000 turntable rotations), be- 
yond the data already reported in [l^]. To analyze the 
data, we first break it down into i = 1....N subsets of 
10 table rotations each. This approaches an optimal fil- 
ter that rejects possible signal components due to drift 
of the cavity frequency while passing the sinusoidal sig- 
nals. The subsets are individually fitted with the sine 
and cosine amplitudes B{ti) and C{ti) (each is taken as 
constant over the subsets and assigned the subset's mean 
time ti). Systematic infiuences are allowed for in the fit 
function by including sine and cosine amplitudes at ujr, 
a constant offset, and drift terms linear and quadratic in 
time. This yields 192 values for each of B{ti) and C{ti) 
from each 24 hours of data. Then, the B{ti), C{ti) coeffi- 
cients are fitted with Eq. Performing similar fits on 
all 27 data sets yields one set of Bk and Ck from each, 
see Fig. H 

Residual systematic effects at 2w,. primarily affect the 
coefficients Co and Bq at a level of 5cr within individual 
subsets. They differ in phase and magnitude (see Fig. 
121) and average out in the final result. This, however, 
leaves an increased error bar on the Cq and Bq averages. 
The other amplitudes have relatively smaller error bars, 
as they are are affected by systematics only indirectly 
through additional time-dependent inffuences, such as a 
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FIG. 2: Bk.C'k versus time. 



daily modulation of temperature or tilt of the building 
floor. 

The hypothetical signal for Lorentz violation in the 
SME, calculated from the motion of the cavities by fol- 
lowing the methods described in Refs. [E S Hi is de- 
tailed in Tab. H] As throughout the literature, the co- 
efficients for Lorentz violation with capital indices are 
referred to a sun-centered celestial equatorial reference 
frame defined, for example, in Ref. 0]. To estimate 
the SME-coefficients, we fit this hypothetical signal for 
Lorentz violation to the experimental results shown in 
Fig. [21 weighted according to the inverse squared fit er- 
ror. The results for the A^'^ = (ke-)^'^ + 2BqCij (where 
2Bq = —5.92 is a material parameter for fused quartz Q) 
are, in parts in 10^^, 
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\XY 



-4.9(2.5), X^^ = -L4(2.5), 
4.1(3.9), A^^ = 13.3(9.8), 
05.7(22.6) . 



(5) 



The results for (ko+) are, in parts in 10 , 

(ko+f^ = 5.7(3.7), (^o+)^^ = 5.3(6.3), 
(«o+)^^ = -0.2(6.2). (6) 

The Perth setup compares the frequencies of two or- 
thogonally orientated high Q-factor (2 x 10^) cryogeni- 
cally cooled (~ 6 K) microwave resonators. Each consists 
of a sapphire crystal mounted inside a metallic shield. 
The crystal is 3 cm diameter and height, and is ma- 
chined with its crystal axis in line with the cylindrical 
axis. Each resonator is excited in the whispering gallery 
WGH8,o,o rnode at approximately 10 GHz by two sepa- 
rate Pound stabilized oscillator circuits, with a difference 
frequency of about 226 kHz. The WGHg o.o mode has 
dominant electric and magnetic fields in the axial and 
radial directions respectively, corresponding to a Poynt- 
ing vector around the circumference. 98% of the elec- 
tromagnetic energy is confined within the sapphire crys- 
tal so it is subject to the index of refraction of sapphire 
{n± = 3.04, n|| = 3.37 at 6K). The two resonators are 
oriented with their cylindrical axis perpendicular to each 
other in the horizontal plane and placed inside a vac- 
uum chamber and cryogenic dewar, which is mounted in 
a turntable and rotated at 1/(18 s) about its vertical axis. 

As discussed in a previous publication [T^, the data 
used in this analysis spans a period from December 2004 
to January 2006. It consists of 27 sets of data totalling 
approximately 121 days. The data analysis proceeds in 
analogy to the Berlin setup. The data is broken down 
into blocks of 40 rotations, each of which is fitted with 
B{ti) and C{ti). The hypothetical signal for Lorentz vi- 
olation in the photon sector is listed in Tab. I o f_jTq |. 
We calculate the effects of the Dirac sector as in [y, |^ , 
taking into account both the changes in the geometry 
of the cavity and the index of refraction. We find that 
the combined signal can be expressed by substituting 



{ke-Y"^ M^"' — [i^e-Y"' + SBsCij in that table, where 
3Bs = 3[— (| — j-Bis) -f /?] « —2.25 is a material and 
geometry-dependent coefficient for the sapphire WGR 
0. Fitting the hypothetical signal to the data leads to 
(parts in lO^^) 



XY 



YZ 



XX 



YY 



2.9(2.3), [i 
2.1(2.1), 
-5.0(4.7), 



xz 



zz 



and (parts in 10^^) 



(^^0+)^^ = -0.9(2.6), («o+)^^ 
= -3.2(2.3). 



-6.9(2.2), 
143(179), 



-4.4(2.5), 



(7) 



(8) 



The data from both setups are of similar quality. How- 
ever, the constraints on the Ko+ from Perth have ~ 2 
times lower confidence interval. On the other hand, 
X'^^ from the Berlin setup is about 17 times more ac- 
curate than /z'^'^ from Perth, as this signal occurs at 
2u;r, at which frequency signals from wobble of the 
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TABLE I: Signal components for the Berlin setup. A = A - A 



Co isin^xd^'"'' -/9®[(cos77K^+^ +2«^/ sinr;)cosJ7er' + K^'f sinf7®r'] -^o 

Csi i cosxsinx(-A-^^ + COST? — At;^ sin?;] cosr^eT' Bsi — Cci/cosx 

Cci icosxsinx(-A^^ + /3©[Kr+ sinrycos^eT' - Kf/sinf7eT'] B^i C^i/cosx 

Ca2 i(l + cos2x)(A-^^ cosTycos^fBT' + Kf/sinner'] -2 cos x/(l + cos^ x)Cc2 

Cc2 |(l + cos^x)(|-^^ -/^e[^;S^/ cos 7? cosher' -K^-f sinner']) ge2 2cosx/(l + cos^x)g«2 



TABLE II: Results on electron and photon coefficients k^- 
and c in units of 10~^^ and iio+ in 10~^^ (one sigma errors). 



-12(16) 


7.7(4.0) 


-10.3(3.9) 


0.9(4.2) 


223(290) 


Cxx — Cw 
-2.9(6.3) 


C(xy) 

2.1(0.9) 


C(XZ) 

-1.5(0.9) 


C(YZ) 

-0.5(1.2) 


-106(147) 


A^^ 
13.3(9.8) 


1.7(2.0) 


~xz 
-3.1(2.3) 


-2.8(2.2) 





turntable have a strong Fourier component. The pre- 
cision turntable along with an active vertical alignment 
of the rotation axis leads to this higher accuracy. 

Combined, the constraints from both setups, shown in 
Eqs. (3-6), are sufficient to calculate separate bounds on 
Lorentz violation in the electron and photon sector, see 
Tab. ini We also included the limit on X^^ from the 
Berlin setup. For the elements of Ko+, the two exper- 
iments provide complementary limits. The ones listed 
in the table are obtained from both by weighted aver- 
aging. We note that and cxy are at the (2-3)cr 
level. However, systematic effects associated with rota- 
tion of the turntable are extremely hard to quantify at 
this level, since with the given noise of the data this takes 
a full year of averaging. To enable a better characteri- 
zation of the systematics or of a possible signal, lower 



noise is required. This will be achieved in the next gen- 
eration of rotating experiments with cavities having even 
higher quality factors, which promise to reduce the noise 
by more than one order of magnitude. Therefore, for the 
time being, we regard our results as a confirmation of 
Lorentz Invariance. In the future, birefringence- Q or 
dual-mode- [22] cavity experiments can overcome some 
of the systematic effects. 

In summary, we present relativity tests based on simul- 
taneous, complementary Michelson-Morley experiments. 
Use of dissimilar cavities, operation on both hemispheres, 
and extensive data-taking over a period of > 1 y makes 
this the first simultaneous measurement of a complete 
set of limits on spin-independent Lorentz violation in the 
electron and photon sectors. We determine 14 limits on 
Lorentz violation parameters of the standard model ex- 
tension. Compared to the best previous limits that do 
not use assumptions on the vanishing of Lorentz violation 
in one sector d, [ll|, [H, HH , they are improved by factors 
between ~ 3 — 50. Thus, we also confirm the isotropy of 
the velocity of light without using such assumptions. 
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